natural primary hybrids composed of three different plant species is very rarely reported. An investigation was therefore carried out into the origin and a possible scenario for the rise of a sterile plant clone showing a combination of diagnostic morphological features of three separate, well-defined Potamogeton species. † Methods The combination of sequences from maternally inherited cytoplasmic (rpl20-rps12) and biparentally inherited nuclear ribosomal DNA (ITS) was used to identify the exact identity of the putative triple hybrid. † Key Results Direct sequencing showed ITS variants of three parental taxa, P. gramineus, P. lucens and P. perfoliatus, whereas chloroplast DNA identified P. perfoliatus as the female parent. A scenario for the rise of the triple hybrid through a fertile binary hybrid P. gramineus Â P. lucens crossed with P. perfoliatus is described. † Conclusions Even though the triple hybrid is sterile, it possesses an efficient strategy for its existence and became locally successful even in the parental environment, perhaps as a result of heterosis. The population investigated is the only one known of this hybrid, P. Â torssanderi, worldwide. Isozyme analysis indicated the colony to be genetically uniform. The plants studied represented a single clone that seems to have persisted at this site for a long time.
INTRODUCTION
Interpecific hybridization is a widespread phenomenon that has markedly contributed to diversity and speciation in the plant kingdom (e.g. Arnold, 1997; Rieseberg, 1997; Rieseberg and Carney, 1998; Arnold et al., 1999; Barton, 2001) . Most of the literature on hybridization is based on binary hybrids. The use of molecular tools has shown that interspecific hybridization is even more prevalent than indicated by morphological and cytogenetic evidence. Molecular investigations have confirmed the hybrid nature of many species (reviewed by Arnold, 1997; Rieseberg, 1997) and have also revealed many historical hybridization events (e.g. Rieseberg and Soltis, 1991; Wendel et al., 1995; Campbell et al., 1997; Nelson-Jones et al., 2002; Koch et al., 2003; Ritz et al., 2005; Fehrer et al., 2007) .
In contrast, recent natural hybrids between three (or more) species are rarely reported (e.g. Stace, 1975; Kirschner and Skalický, 1990; Kitchener, 1997; Š těpánek, 1997; Hodálová, 2002; Bureš, 2004) . These records, based primarily on examination of morphology, are confined to only several genera of angiosperms known to produce fertile binary hybrids. Besides primary hybrids, backcross hybrids and introgressants, Holub (1992) describes polyhybrids (triple hybrids arisen from crosses of a primary hybrid with a third species) and superhybrids (hybrids arisen from crosses of two different fertile hybrids) in Crataegus (Rosaceae).
There does exist a rich literature on two aspects of triple hybridization in plants. The first includes papers on experimental triple hybrids (e.g. Dionne, 1963; Hermsen and Ramanna, 1973; Kalasa Balicka, 1976 , 1980 Bothmer et al., 1988 Bothmer et al., , 1989 Maekawa et al., 1991; Gadella, 1992; Molina et al., 2004; Mráz and Paule, 2006 ). An outstanding, notable experiment was carried out by Nilsson (1954) , who as a result of successive artificial hybridization obtained a hybrid involving 13 different species of Salix (Salicaceae). Even more abundant is the literature on past allopolyploid speciation involving ancient hybridizations of at least three species, mainly grasses and grain crops (e.g. Kihara, 1944; McFadden and Sears, 1946; Lilienfield, 1951; Simmonds, 1976; Dvořák et al., 1988 Dvořák et al., , 1993 Dvořák et al., , 1998 Dvořák and Zhang, 1990; Gill et al., 1991; Wang et al., 1997; Dvořák, 1998; Huang et al., 2002; Mason-Gamer, 2004) .
In contrast, molecular evidence for three different species contributing to recent natural hybrid individuals is relatively scarce. It seems that the only known examples in plants concern Aesculus (dePamphilis and Wyatt, 1990) , Iris (Arnold, 1993) and Quercus (Dodd and Afzal-Rafii, 2004) . In these studies, one to several individuals of the populations investigated combined genetic markers (allozyme, RAPD or AFLP) of three species. Interestingly, although hybridization is much more common in plants, a number of cases of natural primary trihybrids have been reported in animals including fur seals (Arctocephalus - Lancaster et al., 2006) , parthenogenetic lizards (Cnemidophorus -Parker and Selander, 1976; Densmore et al., 1989; Heteronotia -Hillis et al., 1991) , unisexual fish (Poeciliopsis - Mateos and Vrijenhoek, 2005) , ticks (Hyalomma -Rees et al., 2003) and stick insects (Bacillus -Mantovani et al., 2001) and also in yeast (Saccharomyces -González et al., 2006 In plants, Potamogeton is a genus well known for the occurrence of interspecific hybrids (e.g. Graebner, 1907; Linton, 1907; Hagström, 1916; Dandy, 1975; Preston, 1995) . Wiegleb and Kaplan (1998) identified 50 binary Potamogeton hybrids worldwide, some of which are locally frequent and represent clearly circumscribed biological entities. Several hybrids between two species of Potamogeton were recently confirmed by molecular techniques such as isozyme analysis (e.g. Hollingsworth et al., 1995 Hollingsworth et al., , 1996 Preston et al., 1998; Fant et al., 2001a, b; Iida and Kadono, 2002; Kaplan et al., 2002; Fant and Preston, 2004; Kaplan and Wolff; Kaplan, 2007) or DNA-based techniques (King et al., 2001; Fant et al., 2003; Fehrer, 2004, 2006; Whittall et al., 2004) .
In contrast to many records on binary hybrids, only a few Potamogeton plants were interpreted as triple hybrids (Hagström, 1916; Clark, 1942) . Among them, P. Â torssanderi was assumed to be a hybrid of P. gramineus Â P. lucens Â P. perfoliatus (Hagström, 1916) . The existence of other alleged triple hybrids seems hardly possible as each case would initially require a fertile binary hybrid. However, almost all Potamogeton hybrids are consistently sterile (Wiegleb and Kaplan, 1998) . All these morphologybased theories on triple hybrids in Potamogeton were later abandoned, and the respective hybrids are no longer recognized in the recent taxonomic literature. For example, in his review of the British Isles, one of the centres of Potamogeton hybridization, Dandy (1975) did not recognize any triple hybrid.
Because molecular evidence on the existence of primary triple hybrids in plants is extremely rare, a detailed study was conducted on natural sterile plants of Potamogeton Â torssanderi that were the most promising of being triple hybrids. Some old herbarium collections of this taxon indeed show a combination of typical features of three separate species. The question was if these plants actually represent triple hybrids or so far unrecognized morphological variants of already known binary hybrids.
Preliminary isozyme analyses (Z. Kaplan and I. Plačková, unpubl. res.) using recently collected plants from the original population of P. Â torssanderi were not fully conclusive, mainly because of too high similarity of isozyme phenotypes between P. gramineus and P. lucens. However, the dimeric enzyme 6PGDH showed a highly complex banding pattern, which was consistently different from that of typical samples of similar hybrids P. Â nitens (P. gramineus Â P. perfoliatus) and P. Â salicifolius (P. lucens Â P. perfoliatus), and which could have been explained only (a) as a hybrid product of crossing P. perfoliatus with a highly heterozygous plant of either P. gramineus or P. lucens, or (b) as a triple hybrid. Although most enzyme systems used were sensitive enough to reveal variation between different populations within many Potamogeton species and hybrids Kaplan and Š těpánek, 2003; Kaplan and Wolff, 2004; Kaplan, 2007) , the eight plants of P. Â torssanderi investigated were genetically uniform suggesting that they represent a single clone.
Nuclear ribosomal DNA (nrDNA), especially the variable internal transcribed spacer (ITS) region, is frequently employed for the identification of hybrid and allopolyploid origin by RFLP, direct sequencing, cloning, or a combination of these (e.g. Soltis and Soltis, 1991; Sang et al., 1995; O'Kane et al., 1996; Rauscher et al., 2002; Nieto Feliner et al., 2004; Guggisberg et al., 2006) . nrDNA data alone can provide direct evidence of reticulate evolution if concerted evolution fails to act across the repeat units contributed by different parent species (e.g. Hughes et al., 2002, and references therein) . Here evidence is presented from direct sequencing of the ITS region for the contribution of all three presumed parental species to P. Â torssanderi, and its maternal origin is revealed from sequences of the rpl20-rps12 chloroplast intergenic spacer. Scenarios for the rise of the triple hybrid and the presumed age of this vegetative clone are discussed on the basis of the results of the molecular analyses, chromosome counts, and knowledge of the breeding behaviour, life history and ecology of species and hybrids of Potamogeton.
MATERIALS AND METHODS

Study taxa
All three putative parental species, Potamogeton gramineus, P. lucens and P. perfoliatus, belong to a group of broad-leaved pondweeds. They are morphologically clearly defined as each of them is characterized by a large set of differentiating features (e.g. Preston, 1995; Wiegleb and Kaplan, 1998) . Since their first formal description by Linnaeus (1753) they have always been considered as distinct species.
Flowers of all three species are often self-pollinated. However, as they are markedly protogynous, they may occasionally permit cross-pollination. All species are considered to be tetraploids with a chromosome number of 2n ¼ 52 (Z. Kaplan and V. Jarolímová, unpubl. res.) , although different chromosome counts were exceptionally reported for P. perfoliatus . Potamogeton Â torssanderi was hexaploid with 2n ¼ 78 (Z. Kaplan and V. Jarolímová, unpubl. res.) .
Taxonomic delimitations of species, hybrid formulas for recognized hybrids and nomenclature of all taxa follow Wiegleb and Kaplan (1998) , with the exception of P. Â torssanderi (Tiselius) Dörfler, whose concept is defined in this paper.
Plant material
Plant samples of the putative triple hybrid were collected from the type locality of P. Â torssanderi, the only known population of this taxon worldwide. With respect to the clonal population structure of this sterile hybrid (see Results for details), eight ramets were sampled at a distance of at least 3 m between each plant clump to avoid collecting from a single active shoot system. In addition, living specimens of all three putative species were collected in various regions. Plants were cultivated in the experimental garden at the Institute of Botany, Průhonice, Czech Republic, in 180 Â 140 Â 80 cm water-filled laminate tanks, which were sunk in the ground in order to prevent overheating of the water in summer. The samples were planted in submerged plastic pots containing previously desiccated pond mud. Herbarium vouchers from the field as well as from cultivation are preserved in the Herbarium of the Institute of Botany, Průhonice (acronym PRA). Specimens included in the molecular analyses are summarized in Table 1 . Besides the recent collections of P. Â torssanderi, approx. 110 historical herbarium specimens of this hybrid from the type locality were studied in the herbaria of B, BM, BP, BRNM, C, E, FR, G, LD, LE, M, P, PR, PRA, PRC, S, UPS, W, WU, Z and ZT (acronyms follow Holmgren et al., 1990) . Chloroplast DNA sequencing was used for identification of the female parent of the hybrids. Maternal transmission of cpDNA in Potamogeton was recently ascertained (Kaplan and Fehrer, 2006) . In order to find a chloroplast DNA region differentiating between the closely related species P. gramineus and P. lucens, samples from both species (see Table 1 ) were sequenced for the trnL gene and for the trnL-trnF, trnS-trnG, trnH-psbA, and rpl20-rps12 intergenic spacers; the trnL gene, trnL-F and rpl20-rps12 were also sequenced for some P. perfoliatus samples.
Amplification of the trnL gene and the trnL-trnF region was as follows: 25 mL PCR-reactions contained 1 . 5 mM MgCl 2 , 200 mM of each dNTP, 0 . 5 mM of primers c and f (Taberlet et al., 1991) , a few nanograms of genomic DNA, 2 . 5 mL of Mg 2þ -free reaction buffer and 1 unit Taq DNA polymerase (MBI Fermentas). Four minutes of pre-denaturation at 94 8C were followed by 40 cycles of 94 8C/30 s, 50 8C/30 s and 72 8C/1 . 5 min, and a final extension step at 72 8C for 10 min. Products were purified with the QIAquick kit (Qiagen), sequenced in both directions using the PCR primers (GATC Biotech, Konstanz, Germany), and aligned in BioEdit (Hall, 1999) . Among approx. 970 aligned characters, only four substitutions occurred between P. perfoliatus and both P. gramineus and P. lucens. Two P. gramineus individuals differed from each other by one substitution in the trnL intron and three indels in a 25-bp region of the trnL-trnF intergenic spacer containing tandem repeats and a poly-T stretch. No consistent differences between P. gramineus and P. lucens were found, and the region was therefore abandoned.
Amplification and sequencing of the other three chloroplast intergenic spacers was done as described previously for rpl20-rps12 (Kaplan and Fehrer, 2006) , using the primers developed by Hamilton (1999) . The trnH-psbA region was only 291 bp long and identical between the sequenced P. gramineus and P. lucens samples. The trnS-trnG spacer was about 900 bp long, comparably AT-rich (about 75 %), and contained several long poly-A and poly-T stretches. From one sample (P. lucens 858), 855 bp of well-readible sequence could be obtained, another sample (P. gramineus 885) yielded only 527 bp of difficult to read sequence due to three 12 -14 bp long polynucleotide stretches, all of them longer than the corresponding ones of the P. lucens sample. In addition to these differences, two interspecific substitutions were found. This region was nevertheless dismissed for further study because of expected sequencing difficulties. The rpl20-rps12 intergenic spacer of about 800 bp length sequenced easily, yielded several species-diagnostic characters, and was therefore chosen for further study.
Two divergent samples of P. gramineus were additionally sequenced for part of the conservative chloroplast rbcL gene. Conditions were as described previously for this gene (Kaplan and Fehrer, 2006) with the exception that newly designed Potamogeton-specific primers were used for amplification and sequencing (Po-rbcLf: 5 0 -tatactcctgaatat gaaacc-3 0 , Po-rbcLr: 5 0 -ataaatggttgtgagtttacg-3 0 ). For identification of nuclear genome contributions to the hybrids, the ribosomal ITS region of all putative parents (two to eight samples per species from different regions) was amplified and sequenced as described previously (Kaplan and Fehrer, 2004) . Three separate PCR reactions were performed for P. Â torssanderi and pooled for direct sequencing to ensure representative amplification of the parental copies by reducing PCR drift and the relative effect of potential polymerase-induced errors (Wagner et al., 1994) .
GenBank accession numbers of all sequences are provided in Table 1 .
RESULTS
Morphological variation and identification
The plants later named P. Â torssanderi were first collected by Axel Torssander and Gustaf Tiselius in 1893 for the famous Tiselius exsiccate collection Potamogetones suecici exsiccati (fasc. 2, no. 75, issued in 1895). Soon it was recollected for another exsiccate, Dörfler's Herbarium normale (no. 3583, issued in 1898). Plants from these collections best exhibit the combination of typical diagnostic features of all three species. Most of the submerged leaves are sessile and resemble leaves of P. gramineus in shape and size, but particularly those of side branches are clearly semi-amplexicaul, which is a feature reminiscent of P. perfoliatus. The uppermost submerged leaves often show the characteristic shape, venation and mucronate termination of P. lucens. They are also mostly shortly petiolate. Another character of P. lucens is the two ribs winged towards the base on the abaxial side of the uppermost stipules, but the stipules from the lower parts of the stem are markedly smaller than is usual in this species, suggesting the influence of the other two species. Also the number of longitudinal veins in submerged leaves (7-17) is intermediate between P. perfoliatus and either P. gramineus or P. lucens. The floating leaves, if present, have a subcoriaceous lamina and clearly indicate influence of the only heterophyllous species, P. gramineus.
In contrast to these 'typical', best-developed herbarium specimens, our plants collected recently from the original site of P. Â torssanderi and cultivated in the garden produced only submerged membranous leaves, but no floating subcoriaceous leaves. These phenotypes somewhat resembled narrow-leaved forms of P. Â salicifolius (P. lucens Â P. perfoliatus) or broad-leaved submerged forms of P. Â nitens (P. gramineus Â P. perfoliatus), and their reliable identification based solely on morphology was not conclusive.
Reproductive behaviour of P. Â torssanderi Whereas flowers of fertile Potamogeton species open to reveal the dehiscing anthers, the tepals of the cultivated P. Â torssanderi remained tightly closed and hid the anthers in the inner side of the concave tepals. The entire spikes rotted well before fruit could set. This behaviour of floral organs was repeatedly observed in numerous sterile hybrids (Preston, 1995: 46; Preston et al., 1998; Fehrer, 2004, 2006; Kaplan and Wolff, 2004; Kaplan, 2007) . No sign of fruiting material has ever been observed among the numerous collections of this hybrid available, although almost all of them were collected with spikes.
Chloroplast DNA
The rpl20-rps12 intergenic spacer proved to be the best region for distinguishing between the putative parents P. lucens, P. gramineus and P. perfoliatus. Variable positions are summarized in Table 2 . Some intraspecific polymorphism was found in P. perfoliatus (at one position) and to a larger extent in P. gramineus (at three positions). The two most divergent samples of the latter taxon also differed in the very conservative rbcL gene, which has been found to be nearly invariant in several distantly related Potamogeton species (Les et al., 1997) .
Sequences of P. Â torssanderi corresponded to that of P. perfoliatus samples 979 and 1470 (see Table 2 ); sample 1002 had a unique mutation at position 590 not found in any other Potamogeton species sequenced so far (.40; J. Fehrer and Z. Kaplan, unpubl. res.) . Thus, the female parent of the analysed P. Â torssanderi was determined to be P. perfoliatus.
Nuclear DNA Parental ITS sequences were obtained from two to eight individuals of each species, preferably from different geographic areas (Table 1) . Potamogeton gramineus and P. lucens had very similar sequences that consistently differed from each other only at a single position showing species-specific nucleotide substitutions for all three species. Potamogeton gramineus was polymorphic with two samples (1285 and 885) showing as many as six substitutions compared with five other conspecific plants. Potamogeton lucens differed at three positions and P. gramineus (except 1285 and 885) only at one position from all other sequences. Potamogeton perfoliatus was the most divergent with 25 substitutions and two insertions/ deletions (indels) relative to P. gramineus and P. lucens. Most samples additionally showed intra-individual polymorphisms at one to three positions, but none of them involved species diagnostic positions.
Despite the low variation between P. gramineus and P. lucens sequences, shifts caused by the P. perfoliatusspecific indels (1 bp and 2 bp, respectively) resulted in many additional positions in both sequencing directions that allowed for the contributions of all three parents to be traced: 158 positions distinguished between P. perfoliatus and P. gramineus/P. lucens, six positions distinguished P. gramineus from P. lucens/P. perfoliatus, three positions distinguished P. lucens from P. gramineus/ P. perfoliatus, and three positions displayed discernable additive peaks of all three species. Fig. 1 shows representative examples of diagnostic sites.
Direct sequencing of P. Â torssanderi revealed that the P. lucens ITS was the predominant sequence type. All lower peaks in the electropherogram were predictable from alignments of the parental species (Fig. 1) . They corresponded to either P. perfoliatus (best recognized as 'tails' of peaks starting downstream of species-specific indels, Fig. 1A , C) or to a particular ITS sequence type of P. gramineus (e.g. 897). The contribution of P. gramineus copies is illustrated for four positions indicated by asterisks (Fig. 1B, C) ; two of them additionally reveal a particular P. gramineus sequence variant (represented by samples 897, 1611, 1698, 1705 and 1729). The alternative variant that did not contribute to the hybrid (represented by samples 1285 and 885) can also be excluded from a lack of its specific substitutions at four positions which should otherwise be present. Unequivocal hybrid-specific or other mutations different from those of the recent parental taxa were missing.
The noise level in the electropherograms was low. Out of 651 positions analysed, 476 did not show any noise at all (see also Fig. 1) ; at the remaining positions, the noise level was still considerably lower than the signal of both under-represented sequence types. Direct sequencing was thus suitable to unequivocally reveal contributions of all three presumed parental species in this case and of a particular ITS variant of P. gramineus.
Intraspecific variation in P. gramineus Chloroplast DNA as well as nuclear ITS sequences revealed comparably high intraspecific genetic variation in P. gramineus. Particularly specimens 1285 from France and 885 from the Czech Republic shared a rather divergent ITS sequence and also similar, unique cpDNA haplotypes. As the intraspecific genetic variation within P. gramineus exceeded the interspecific differences between P. lucens and P. gramineus, special attention had to be paid to identify correctly P. gramineus (or a particular variant of it) as one of the parents of the triple hybrid.
The P. gramineus ITS type found in P. Â torssanderi from Sweden is present in samples from the Czech Republic and the USA. The same specimens also share a chloroplast haplotype (Table 2 ) which additionally occurs in Swedish Potamogeton hybrids with P. gramineus 
Species-specific substitutions are shown in bold.
FIG. 1. Potamogeton Â torssanderi triple hybrid and parental ITS sequences. Three diagnostic electropherogram clippings of directly sequenced P. Â torssanderi ITS are shown along with the corresponding alignments of its parental taxa; relative positions are given above the alignments. Electropherograms of (A) and (B) were sequenced with the forward primer, (C) with the reverse primer; the plus strand is indicated in all cases. (A) Asterisks mark substitutions between parents; arrowheads indicate a 1-bp deletion in P. perfoliatus relative to P. lucens/P. gramineus. In the alignment, P. perfoliatus is written without a gap despite the indel position to reflect the sequencing reaction of the hybrid sample with the forward primer.
(B) The upper P. perfoliatus sequence is aligned from the 3'-end without gaps (ignoring a 2-bp indel) reflecting sequencing with the reverse primer; the second is aligned as in (A); the third one is corrected for indels. Two positions with evidence for P. gramineus ITS are indicated by asterisks. The 'C' contributed by P. gramineus type 897 is recognized as 'Y' (C or T) in P. Â torssanderi in both reading directions; the other position shows character states of all three parental species in forward direction [electropherogram; B ( ¼ C, G, or T) in alignment], and of P. lucens/others in reverse direction (K ¼ G or T). (C) Sequences are aligned at their 3'-end to reflect sequencing with the reverse primer, only the second P. perfoliatus sequence is aligned without gaps from the 5'-direction (forward primer). Arrowheads indicate a 2-bp deletion in P. perfoliatus (upper sequence in alignment). At the position marked by the right asterisk, all three parental species have different diagnostic bases, recognizable in reverse direction (electropherogram; H ¼ A, C or T); in forward direction, only 'C' for P. gramineus and 'A' for P. lucens/P. perfoliatus ( ¼ M, see alignment) are evident. Equal height of peaks at the left asterisk position indicates added-up 'T'-signals of P. gramineus type 897 and P. perfoliatus, exceptionally matching the height of the 'C'-signal of the otherwise dominating P. lucens sequence.
maternal origin (Kaplan and Fehrer, 2006) . Thus, a similar, rather widespread P. gramineus genotype has probably contributed to the triple hybrid.
DISCUSSION
Origin of the triple hybrid P. Â torssanderi Contribution of three different parental genomes to the triple hybrid was demonstrated: P. perfoliatus could be identified from morphology, chloroplast DNA and a minority of ITS sequence types; P. gramineus from morphology and from another under-represented ITS copy type; and P. lucens whose contribution was least obvious from morphology provided the predominant ITS sequence variant. In a triple hybrid, a third parental species requires fertility of a previous hybrid of two other species. Almost all Potamogeton hybrids are sterile (Wiegleb and Kaplan, 1998) , therefore only a combination of closely related species or species with less effective reproductive barriers can presumably produce a fertile hybrid. Indeed, the primary hybrid of P. gramineus and P. lucens, P. Â angustifolius, is capable of producing well-developed fruits. Observations on cultivated plants proved that seeds from these fruits germinate and the seedlings grow up to adult F 2 plants (Z. Kaplan, unpubl. res.) . In addition, all three binary hybrids between the three putative parental species of P. Â torssanderi are the most frequent Potamogeton hybrids in Europe, particularly common in Scandinavia. This suggests that there is a relatively low reproductive isolation between these three species. However, since the other two hybrids, P. Â salicifolius (P. lucens Â P. perfoliatus) and P. Â nitens (P. gramineus Â P. perfoliatus), are sterile (Kaplan and Fehrer, 2006; Kaplan, 2007) , none of them could have been involved as the first binary hybrid in the rise of the triple hybrid. Thus, the only probable scenario is that a P. gramineus Â P. lucens fertile hybrid hybridized with a P. perfoliatus plant and gave rise to the clone of P. Â torssanderi studied.
As P. Â torssanderi is hexaploid (2n ¼ 78), it probably resulted from the combination of an unreduced gamete (n ¼ 52) and a normal reduced gamete with 26 chromosomes. Hybrids are more likely to produce unreduced gametes than pure species because of potentially disturbed meiosis. Therefore, it is assumed that P. perfoliatus may have contributed a reduced gamete in the second hybridization, which according to cpDNA, must have been the maternal one. An unreduced gamete of P. gramineus Â P. lucens would contain equal amounts of both ITS types so that, theoretically, the hexaploid hybrid should also show equal contributions from these two parents. However, P. lucens sequences predominated, suggesting that the binary hybrid contributing to the triple hybrid may have been a later generation hybrid P. Â angustifolius or a backcross to P. lucens.
Alternative explanations for the dominance of one sequence type involve hybridization-associated locus loss of nrDNA. However, testing this scenario is currently not possible as the number and genomic organization of nrDNA loci are unknown in Potamogeton, and their karyotype, consisting of numerous small chromosomes, is difficult to assess (V. Jarolímová, pers. comm.). Gene conversion which often leads to homogenization of parental ITS copies in hybrids (reviewed by Á lvarez and Wendel, 2003) and may therefore also lead to a skewed distribution of sequence types, is thought to be slowed down or absent in asexually reproducing organisms (Baldwin et al., 1995; Campbell et al., 1997) . More background information on Potamogeton genomes would be needed to test between these possibilities.
Given our present knowledge, we assume that a homoploid (tetraploid) hybrid between P. lucens and P. gramineus, or its backcross to P. lucens, has contributed to the hexaploid triple hybrid analysed, presumably via an unreduced male gamete, whereas P. perfoliatus contributed a reduced female (diploid) gamete (in the subsequent hybridization).
Potamogeton Â torssanderi represents one of very few well-documented examples of a natural primary hybrid involving three species. Although each hybrid is unique and cannot be described in general terms, the cases best comparable with this Potamogeton triple hybrid in terms of origin and asexual strategy of survival are represented by several animal systems: In parthenogenic lizards (Hillis et al., 1991) , unisexual fish (Mateos and Vrijenhoek, 2005) and stick insects (Scali et al., 1995) , a diploid binary hybrid subsequently hybridized with a third species, and the resulting trihybrid became triploid by genome addition and persists by parthenogenetic reproduction. As most broadleaved species in Potamogeton are tetraploid, their genome duplication occurred a long time ago and they meanwhile behave like diploids (for a review on 'diploidization', see Ma and Gustafson, 2005) , hence genome addition in P. Â torssanderi went from the tetraploid to the hexaploid level.
Detection of different ITS copy types
In the triple hybrid, the contribution of particular nuclear parental genomes was deduced from direct sequencing, which has been successfully applied to the identification of hybrid/allopolyploid genome composition in other plant families (e.g. Sang et al., 1995; Campbell et al., 1997; Whittall et al., 2000; Nieto Feliner et al., 2004; Guggisberg et al., 2006) . Average relative peak heights at polymorphic sites have been shown to represent accurately the proportions of products in a mixture obtained by PCR amplification (Rauscher et al., 2002) . Especially when electropherograms indicate almost no noise (see Fig. 1 , polymorphism-free positions) and care has been taken to avoid PCR drift (see Materials and methods), direct sequencing is both sensitive and reliable in detecting minority sequence types. In our specific case, apart from the quality of the sequencing reaction, the high similarity between P. gramineus and P. lucens sequences as well as the underrepresentation of the most divergent P. perfoliatus ITS copies made it possible to simultaneously discriminate between three parental sequences, which is not often feasible.
Approximate age of P. Â torssanderi The triple hybrid was first collected in 1893 in Lake Sillen and was still confirmed as common there in 1998.
Since P. Â torssanderi is sterile, it must have persisted vegetatively at this site for more than a century, but presumably for a considerably longer period. Already at the time of its discovery, the hybrid must have produced an extensive clonal colony rich in individual ramets. The first collectors (e.g. Axel Torssander, Gustaf Tiselius, Sigfrid Almquist, Amandus Ekström, Johan Gustaf Laurell) collected altogether hundreds of specimens at that site for their herbaria and for widely distributed exsiccate collections without any serious attenuation of the existence of the clone. The hybrid may well be a relic from the early postglacial period. The association of hybrids with environments severely affected by the glacial cycles of the Late Pleistocene is well documented (Kerney, 2005) . Several observations suggest that seedling recruitment is generally rare in established Potamogeton populations (Brux et al., 1987 (Brux et al., , 1988 van Wijk, 1989; Kautsky, 1991; Hollingsworth et al., 1996; Kaplan et al., 2002; Kaplan and Štěpánek, 2003; Kaplan and Fehrer, 2004) . That is why the opportunities for new hybrid genotypes were certainly greater in the open habitats of a postglacial landscape than they are in the present-day lakes with rich established plants communities. Although hybrids between separately adapted populations are on average less fit than either of their parents, P. Â torssanderi seems to possess an efficient strategy for its existence and became locally successful even in the parental environment. The vigour of this hybrid may be associated with heterosis of sterile clonal hybrid lineages (Rieseberg and Carney, 1998) .
Potential and limitations of morphological identification
Several previous molecular studies (Hollingsworth et al., 1995 (Hollingsworth et al., , 1996 Preston et al., 1998; Fant et al., 2001a Fant et al., , b, 2003 King et al., 2001; Kaplan et al., 2002; Fehrer, 2004, 2006; Kaplan and Wolff, 2004) demonstrated that many Potamogeton hybrids can be reliably identified morphologically as long as adequate inspection of key features is adopted. However, P. Â torssanderi belongs to a group of hybrids that can only be morphologically identified if the particular plant is optimally developed and shows diagnostic features of all three species involved in hybridization. Numerous herbarium specimens from Lake Sillen collected by various botanists since 1892 include both 'typical' P. Â torssanderi as well as plants that may be triple hybrids but cannot be unequivocally distinguished from the binary hybrids of the three parental species involved (i.e. from P. Â angustifolius, P. Â nitens and P. Â salicifolius).
As in many other aquatic plants, phenotypic plasticity plays a large role in plant morphology in Potamogeton (Kaplan, 2002) . The extensive range of phenotypic plasticity obscures morphological differences between taxa. Some extreme forms of one taxon may easily mimic another taxon in such case. This makes even some entire taxa difficult to delimit morphologically from other similar taxa. Due to phenotypic plasticity, distinguishing between all four different hybrid combinations of the three parental species is difficult. Thus, morphological identification of P. Â torssanderi will always have to be done with utmost care. In general, experimental proof of the identity of questionable plants with molecular markers is always advisable, particularly because character expression in hybrids is largely unpredictable (Rieseberg and Ellstrand, 1993) .
